Abstract-In this paper we present a co-primary spectrum sharing algorithm for the Quality of Service (QoS) enhancement of uplink Single-Carrier Frequency Division Multiple Access (SC-FDMA) systems. We consider the limitations that are resulting from the fact that each user can only be provided with only contiguous sets of resource blocks (following the constraints of the localized SC-FDMA physical layer), and the effect of the limited, or even lack of, knowledge of each user's buffer status and packet delays in the uplink. The sharing of available resources is based on the operator spectrum access priority, an estimation of the packet delays in the uplink direction, the average delay and data rate of earlier allocations, and the power per resource block. Simulation results show that the proposed algorithm considerably improves the performance in terms of packet loss rate, goodput, and fairness.
I. INTRODUCTION
One of the solutions considered to address the increased demand for wireless spectrum resources is the utilisation of licensed spectrum in a shared manner. One type of co-primary spectrum sharing considers the simultaneous access of a licensed band by a number of Mobile Network Operators (MNOs), under bi/multilateral agreements that guarantee fair spectrum access.
In the relevant literature, a number of contributions on licensed spectrum sharing can be found. The majority of them only consider the channel quality information (CQI), and not the more relevant Quality of Service (QoS)-related metrics for spectrum sharing [1] - [4] . A typical assumption considers the use of a centralised controller that is responsible for the management of the sharing procedure in a common pool of shared spectrum between two MNOs, introducing increased complexity and signaling overhead [1] . A cooperative spectrum sharing scheme between two MNOs that employ infrastructure sharing is proposed in [2] . The spectrum pool includes dedicated spectrum for each MNO, and the shared spectrum. The partitioning of the spectrum to orthogonally and non-orthogonally shared frequency sub-bands is performed adaptively, based on the channel conditions of the users. Spectrum sharing is performed considering the CQI, and not more QoS-related metrics.
In cases where beamforming is used [3] , [4] , where the spectrum pool is available for simultaneous access by two MNOs in the same area, the major challenges relate to strict timing requirements and the accuracy of CQI exchanged between base stations. Even works that consider user throughput and fairness, e.g., [5] , do not evaluate the impact of sharing on the mean delay. Specifically, [5] considers a common pool of radio resources, shared by a multi-operator small cell network, aiming to achieve long term fairness. A decentralised mechanism is used to allocate the appropriate amount of spectrum to each access point. The main performance metrics are user throughput and fairness between operators.
Motivated by the above, this paper extends the resource allocation algorithm of [6] , to propose a QoSoriented co-primary spectrum sharing algorithm for uplink Single-Carrier Frequency Division Multiple Access (SC-FDMA) systems. The allocation of the shared resources is based on the MNO priority, an estimation of the packet delays in the uplink direction, the average delay and data rate of earlier allocations, as well as the power per resource block (RB) in the uplink.
The novelties of this paper are the following:
1) The proposed work considers the limitations of uplink resource allocation, and consequently spectrum sharing, in a realistic Long Term Evolution (LTE) system. These include the constraint to allocate only contiguous RB sets to each user, due to the localized SC-FDMA physical layer, and the procedures followed by the users in order to request for uplink transmission grants and report their buffer status, as described in LTE specifications. This allows for the reduction of resource waste, by not allocating more resources than the users actually need, resulting in a more efficient resource sharing. 2) The spectrum sharing process considers the delay constraints of real-time applications, by estimating the uplink packet delays from the received user Scheduling Requests (SRs). Therefore, users experiencing excessive delays are prioritized, reducing the probability of real-time packet expirations and resulting in improved QoS provision. The structure of this paper is the following. Section II briefly describes the system model. Section III introduces the proposed spectrum sharing algorithm. Performance evaluation results are presented in Section IV. Section V provides conclusions and plans for future work.
II. SYSTEM MODEL
We consider a pool of shared spectrum for the uplink traffic, in the case of MNOs employing infrastructure sharing. The size of the shared spectrum pool equals to the sum of the total holdings of the partaking MNOs. An LTE cell is considered, with a number of randomly deployed user equipment (UE) devices, each one associated with an MNO.
III. THE PROPOSED ALGORITHM
The problem of optimal allocation of uplink scheduling blocks (SBs), i.e., two consecutive RBs spanning a subframe of length equal to T sf , in localized SC-FDMA is shown to be NP-hard in [6] . Therefore, we introduce the following suboptimal algorithm to address the resource sharing. To evaluate the utility of each SB of the shared spectrum pool to the users of each MNO, we introduce metric m U L i,j,k (t) of user i, i ∈ U E, who is a subscriber of MNO k, for SB j, j ∈ 1, 2, ..., N SB , where N SB is the number of SBs per subframe of the shared spectrum, as follows:
where p k denotes the shared spectrum access priority of MNO k, whose value can be proportional to the size of the spectrum contributed to the pool by each MNO. d
estimates the delay of user i, based on the time passed since he was provided with an uplink grant, or he last sent a SR. d th,i,k is the delay threshold, i.e., if the delay of a packet of a real-time application exceeds this, the packet is no longer useful to the receiver and it is discarded. D U L i,k (t) and R U L i,k (t) are the average delay and data rate, respectively, of the earlier allocations to user i. A weighted moving average formula is used for their calculation as follows:
where r U L i,k (t) is the instantaneous uplink data rate of user i and 0 ≤ β ≤ 1. P 1,i,k is the minimum uplink power per RB of user i [6] :
is the data rate of user i on SB j:
where L U L SB is the number of resource elements per uplink SB that are responsible for data transfers, and M i,j,k is the Modulation and Coding Scheme (MCS) of user i on SB j. Therefore, the use of r U L i,j,k (t) also allows the proposed algorithm to take into consideration the variations in the link quality, since the MCS is determined based on the experienced channel conditions. The proposed algorithm begins by sorting in descending order of m U L i,k (t) the set of active users (RRCconnected), referred to as U E. Its aim is to prioritize users with higher MNO priority, ratio of estimated packet delay d
, limited power transmission requirements in the uplink and increased data rate expectation per SB:
Then, the proposed algorithm performs as follows, see Fig. 1 : 1) Firstly, determine whether a user actually needs an uplink transmission grant. A user is considered to need an uplink grant if he has sent a SR, i.e., SR i,k (t) = 1, or if, based on his latest buffer status report (BSR), he has data expecting to be transmitted in the uplink, i.e., BSR i,k (t) > 0. If the user does not currently require the allocation of any resources, he is removed from the set and the algorithm estimates the allocation needs of the next one. 2) If SR i,k (t) = 1 or BSR i,k (t) > 0, determine the set K i,k , which consists of the available SBs that maximize the value of m
The SBs of K i,k are not always contiguous. 3) If K i,k has more than one SBs, the SB j * with the highest signal-to-noise ratio (SNR) γ i,j,k is found, i.e., j * = arg max j∈K i,k (γ i,j,k ) and, if its bit error rate (BER), i.e., BER i,j * ,k , does not exceed the threshold τ , the SB is included in set G i,k , i.e., the set of all SBs allocated to user i in this subframe. 4) Calculate the set G i,k , which contains SB j * , as well as the maximum number of contiguous SBs neighboring j * that can be allocated to user i. A SB j is included in set G i,k , if i) it is not already allocated to another user, i.e., j ∈ Φ, ii) it maximizes m
it is adjacent to another SB that is already included in G i,k , i.e., ∃j ∈ G i,k : |j − j | = 1, iv) its BER value is lower than the threshold τ , and v) the included SBs cannot serve all the user's pending traffic. In order to determine the SBs of G i , the algorithm starts from j * and checks both directions for the possibility of expansion, i.e., SBs with j < j * and j > j * . In each case, this process is terminated if a SB that does not meet at least one of the above constraints is found.
The performance complexity of the algorithm is 
IV. SIMULATION RESULTS
The performance of the proposed co-primary uplink spectrum sharing algorithm is evaluated through MAT-LAB simulations. The proposed system is compared to a legacy one that statically divides the shared resources based only on the MNOs' spectrum access priorities and allocates them to each MNO using the algorithm of [6] . Based on the proposed system model, the simulation environment considers an LTE cell, shared between two MNOs. An increasing number of UE devices is considered, each one with one uplink video connection. The performance indicators considered are the packet timeout rate, goodput, average delay, and fairness. The performance evaluation parameters are included in Table I. For the purpose of statistical accuracy, results have been averaged over 100 simulation runs. Fig. 2 shows the average packet timeout rate, i.e., the number of packets that expire in the unit of time, being no longer useful at the receiver, versus the number of users per MNO and the shared spectrum access priority of M N O 1 , p 1 , for the systems that employ the proposed and static spectrum sharing algorithms. The priority of M N O 2 , is defined as p 2 = 1 − p 1 . The total number of users N is in the range of [5, 25] , while the number of users of each MNO is defined as: N 1 = N/2 and N 2 = N − N 1 . For both MNOs the packet timeout rate increases with the number of users, since increasing the number of users results in higher congestion, which leads to longer queuing time and, eventually to more packet expirations. The effect of the shared spectrum priority, p k , is also shown. The mean packet timeout rate of M N O 1 follows a declining course as p 1 increases, while the packet timeout rate of M N O 2 follows the opposite course. This is due to the proposed algorithm taking into consideration the shared spectrum access priority of each MNO during the resource allocation. The proposed co-primary spectrum sharing system reduces the packet timeout rate by 72% at most compared to the static sharing approach, since the latter divides the available resources based only on the MNOs' spectrum access priorities, without taking into consideration the real-time QoS status of the individual connections. The goodput is defined as the rate of bits that are delivered to the application layer per unit of time. For both systems, the goodput decreases as the number of users increases, due to the increasing congestion, which results in unacceptable packet delays and timeouts. Moreover, the average goodput increases with the increase of the MNO priority. The proposed, QoS aware, spectrum sharing algorithm outperforms the static sharing system in terms of goodput by a factor of 2.3 at most. Fig. 4 depicts the average packet delay versus the number of users and the shared spectrum access priority. In the proposed system, for both MNOs, the average packet delay follows a slightly increasing course with the number of users, due to the increased congestion and the need for longer queuing times. Moreover, the average delay slightly decreases with the increase of the shared spectrum priority of the MNO, due to the fact that the proposed algorithm favours users based on the priority of the MNO they are associated with. More- over, the proposed and static systems have comparable average delay performance. Fig. 5 depicts the fairness, using the Jain Index of Fairness,versus the number of users of both operators and the shared spectrum access priority. The fairness of the proposed system is considerably high, outperforming the static one by 46% at most, since the proposed algorithm favours users who have suffered from high average delay and low average data rate in their earlier allocations.
V. CONCLUSION
In this paper we proposed a co-primary spectrum sharing algorithm for LTE systems in the uplink, which considers the QoS requirements of real-time applications. The proposed algorithm complies with the realistic limitations of a localized SC-FDMA uplink system, i.e., no information on the uplink packet delays, limited information on the buffer status of the users, and need to allocate contiguous sets of RBs to each user. Emphasizing on the delay requirements of real-time applications, users are prioritized based on an estimation of their packet delays, the average delay and data rate of earlier allocations, the required transmission power and the MNO spectrum priority. Simulation results highlighted the notable performance improvement achieved in terms of packet timeout rate, goodput, and fairness. Our future plans include the adaptation of the proposed algorithm in order to be applied to the downlink direction.
